In this paper a propagation loss study is presented to determine the attenuation of various building walls. An approximate model was developed for the propagation of a spherical electromagnetic wave through a building wall of known material properties. This model is based on the method of images and geometrical optics. This approximate model is shown to be in good agreement with measured results.
Introduction
This work is part of a feasibility study for a miniature microwave powered surveillance vehicle that would be capable of operating inside buildings. For this application, the reflection and attenuation (insertion loss) of a focused microwave beam by interior and exterior walls is of interest. Insertion loss measurements were taken over the frequency range of 2 to 6 GHz. The transmission between two identical antennas at a fixed spacing was measured to establish a reference. Then the antennas were placed on opposite sides of the wall such that the spacing was the same as for the reference measurement. A comparison of the two received powers gives an estimate of the wall insertion loss.
A simple analytical model of the measurement was developed based on geometrical optics and the method of images. The transmit antenna is represented by a point source and an image introduced to account for reflections from the building floor. For comparison with measured data, multiple reflections inside of the wall are neglected, although the analytical model is capable of including them.
Analytical Model
The transmission and reflection of a plane wave at oblique incidence to a two boundary interface is shown in Figure 1 The phase and attenuation constants of the lossy dielectric are given by:
In the two interface problem, refraction causes the apparent location of the source as viewed in region 3 to move as shown. The original source can be replaced by an equivalent source which is located closer to the wall and modified to account for the effects of the wall. The equivalent source takes into account the transmission coefficients of each region based on the original source and geometry. The equivalent source will also take into account the phase c h h g e and attenuation due to the wall. The wall can be removed and the equivalent source will radiate in free space. In this model, multiple reflections inside of the wall are neglected. Note that the equivalent source method can be expanded to include multiple reflections. An additional equivalent source can be defmed for each multiple reflection added. The electric field to the right of the second boundary can then be thought of as originating from an equivalent point source which radiates in free space with the wall removed.
The propagation of a spherical wave through a wall can be modeled by assuming that the radius of curvature is large and the wave front is locally plane. This is the standard assumption for geometrical optics [Ref.
21. The propagation of a local portion of the wave front can be represented by a single ray at an angle Bi. The maximum and minimum angles that intercept the edges of a receive antenna can be traced back to the point where the lines intersect, This point is the location of an equivalent spherical source radiating in free space, and provides the geometrical optics divergence factor (1 / Ri). The rays coming from the equivalent source will contain the transmission coefficient and phase and attenuation constants from the path followed by the original rays. Using this approach the equivalent source includes the loss due to spreading along a single straight path Ri with no wall present.
The incident angle is determined by discretizing the receive aperture into a grid of points. Each location within the aperture of diameter d can be expressed as the magnitude of Axm and Ay,, as shown in Figure 2 . The electric field of the equivalent source is normalized to include only the polarization factor for an x directed infinitesimal dipole (1 -sin2 0cos2 4)). The equivalent spherical source with no wall present for the direct path of propagation is given by:
The distance to the boundary is RI, the distance traveled through the material is R2.
the distance traveled outside the second boundary is R3, and the equivalent source distance is Ri. The transmission coefficients account for the loss due to the reflection at each interface. The phase constants account for the changing phase with respect to the transmitting reference. Each variable in the equation is a function of the incidence angle.
The floor reflection is included using an equivalent image source. The location of the original image is directly below the source. Since the floor is not a perfect conductor, the image is not of equal intensity, but reduced by a factor Tr-With the image present, the floor is removed while the wall remains. This step is not entirely accurate, because it assumes that rays hitting the wall below floor level pass through the wall medium. However, for the geometry under consideration (equal antenna heights and equal distances from the wall) the approximation is accurate. The total field resulting from the reflected rays is given by:
The complex field of the direct and reflected rays are summed to determine the total resultant field ET which is integrated over the aperture to obtain the received power.
Comparison of Measured and Computed Results
The insertion losses of various walls were measured by comparing the free space reception between two antennas to the reception with walls located at the midpoint between the antennas. The test set-up is illustrated in Figure 3 . The measurement was simulated using the analytical model as well. The received power was calculated for a unobstructed path, then compared to the received power when a panel was inserted. Initial values for the constitutive parameters of the wall were obtained from handbooks. In general, small modifications of the initial value were sufficient to give good agreement with the measured results. A typical set of data is shown in Figure 4 . A complete set is available in 
